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Water and energy shortages havemotivated the developmentand deployment of a diverse suite of technologies to
support our growth beyond the traditional limitations of natural
resources. These technologies are diverse not only with respect
to method and use, but also in the anticipated consequences of
their operation. Our ability to desalinate billions of gallons of
seawater daily to satisfy a global water demand that exceeds
accessible freshwater resources can be deemed a technological
triumph. However, we also recognize that long-term solutions to
energy and water shortages cannot rely on provision of one
through intense consumption of the other; the vast amount of
energy used daily in desalination for potable water production
must also be conserved.
Methods that conserve or generate water and energy in a non-
polluting and nonresource-exhausting manner are more capable of
sustaining us. Utilizing wastes and abundant, low value resources as
inputs for these processes also benefits us in the long term. The
“engineered osmosis” processes of forward osmosis (FO) and
pressure retarded osmosis have recently received increased attention
as technologies that could potentially fulfill these criteria.
In FO, a water-permeable and salt-rejecting membrane is
placed between two solutions of different osmotic pressures.
These solutions can be natural resources, waste streams, or high
purity solutions. Osmosis drives water to permeate through the
membrane from the less concentrated “feed solution” to the
more concentrated “draw solution”. If FO is being employed to
extract water from a resource, that resource acts as the feed
solution, and it is paired with a draw solution of higher osmotic
pressure. Engineered draw solutions are composed of pure water
and specifically selected draw solutes. After extracting water from
the feed solution, the engineered draw solution is separated into
two streams: a concentrated draw solution, which is recycled to
the membrane to facilitate continuous FO operation, and fresh-
water, which is the desired product. Draw solution regenera-
tion can be an energy-intensive step in an otherwise low-
energy process.1
However, FO does not require draw solution regeneration in
all cases. If a draw solute is used that adds value to the extracted
water, the diluted draw solution can be used as is, and new draw
solutes can be introduced to the system to create additional
product. This is the case in commercially available personal
hydration packs, which use a sugar-and-nutrient draw solution to
provide energy-boosting drinks from natural waters.2 Alterna-
tively, when concentration of the feed solution is the goal, an
abundant and low value draw solution, such as seawater, can be
used in a once-through fashion.2,3
Avoiding draw solution regeneration can bypass a significant
energy cost in FO technology implementation. Several emerging
applications do just that while performing processes that enhance
sustainability at the waterenergy nexus. Herein, we highlight
five regeneration-free FO applications under development that
could benefit society by increasing energy production or effi-
ciency, preventing pollution, utilizing waste, or relieving agricul-
ture associated water stress (Table 1). For each, we will discuss
the concept, expected benefits, and anticipated barriers or
limitations. In doing so, we hope to motivate academic research,
commercial implementation, and discussion of these and other
potential uses of forward osmosis.
’OSMOTIC DILUTION FOR ENERGY CONSERVATION
A surging world population, fixed freshwater resources, and
limits to water conservation and reclamation make the inclusion
of seawater desalination in long-term water production strategies
inevitable. Desalination provides needed water, but it also
requires a great deal of energy and can adversely impact the
environment. The question, then, is how to make desalination as
sustainable as possible. FO can help alleviate both energy costs,
discussed here, and environmental concerns, discussed in the
subsequent section.
The most energy efficient technology for desalination is
reverse osmosis, in which a hydraulic pressure, much greater
than the osmotic pressure of the saline feedwater, is applied to
drive water across a salt-rejecting membrane to produce fresh-
water. Though great gains in the energy efficiency of reverse
osmosis technology have been made over the past few decades,4
seawater desalination is an inherently energy-intensive process,
and future gains in energy efficiency will be limited.5,6 Energy
costs contribute as much as 75% of the operating costs of RO
desalination plants.4,7 Innovations that reduce energy consump-
tion will strengthen the suitability of reverse osmosis for addres-
sing long-term drinking water needs.
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Reverse osmosis would require significantly less energy to
desalinate diluted seawater than it does for full strength seawater
because dilution decreases the osmotic pressure that must be
overcome with applied hydraulic pressure.3,8 The amount of
energy used in reverse osmosis desalination depends on several
additional factors, including the water recovery (i.e., howmuch of
the water in the feed stream is extracted as freshwater).9 But even
without detailed calculations, one can see that less saline feed
streams require less energy by comparing typical energy de-
mands for desalination between brackish water and seawater.
Energy usage at reverse osmosis desalination plants ranges from
3 to 7 kWh/m3 for seawater and from 0.5 to 3 kWh/m3 for
brackish water, even while brackish water plants operate at much
higher recoveries,4 which require more energy.
Ideally, water used to dilute the seawater feed stream upstream
of the reverse osmosis modules would come from a source that
has little alternative use, for example, wastewater effluent or other
impaired water.3 Such streams cannot be directly mixed into the
seawater, as this would introduce additional contaminants and
membrane foulants into the feed stream, compromising process
efficacy. Direct use of these sources, particularly wastewater, for
production of potable water also faces the significant challenge of
negative public perception.3
FO can safely and efficiently enable the use of impaired water
to dilute the seawater entering a reverse osmosis desalination
plant (Figure 1A). A low salinity wastewater, or other source, is
separated by a selective FO membrane from seawater, which
acts as the draw solution and extracts freshwater from the im-
paired source without incurring the associated contaminants. FO
membranes, like reverse osmosis membranes, completely reject
pathogens and large molecules,3,8 and pairing FO with reverse
osmosis contributes an additional degree of safety for the use
of impaired water. Another benefit is that membrane fouling is
less problematic for FO than for pressure-driven membrane
processes.10
Osmotic dilution of seawater feed streams uses impaired water
to reduce the energy demand of reverse osmosis desalination.
Though this approach offers multibarrier protection of drinking
Table 1. Potential Positive Impacts of the Highlighted Technologies on Sustainability at the WaterEnergy Nexus
application of forward osmosis water energy waste utilization environmental protection
dilution of input stream
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Figure 1. Desalination plant showing three locations where forward osmosis (FO) can be applied to increase sustainability (counter-clockwise):
(A) upstream dilution of seawater feed stream to reduce energy consumption; (B) downstream dilution of concentrated brine before discharge to the
marine environment; and (C) osmotic backwashing of reverse osmosis membranes to restore membrane performance.
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water, the challenges associated with societal acceptance of the recla-
mation of impaired water for potable use may still apply. Education
of the public on the benefits and quality of this system can encourage
its acceptance. Successful implementation will also require coloca-
tion of a source of diluting water with the desalination plant.
’OSMOSIS ENGINEERED FOR PROTECTION OF THE
ENVIRONMENT
Osmosis can be applied elsewhere within desalination plants
to reduce the negative impacts of desalination plant discharges
on the environment. Greater protection of the environment is
particularly needed if the discharge system cannot be constructed
at a location where hydrodynamic conditions favor mixing and
dispersion. At both membrane-based and thermal desalination
installations, FO can be used to dilute concentrated brine before
it is discharged into the environment (Figure 1B). Osmotic
backwashing can replace harsh chemicals as the primary method
of cleaning fouled reverse osmosis membranes (Figure 1C). To
explain how these techniques can improve the sustainability of
desalination, we first examine the problems to be addressed.
A primary environmental concern for desalination is the
difference in salinity and temperature between the discharged
brine and the surrounding natural waters receiving the discharge.
Whether the desalination plant is based on thermal or membrane
processes, the production of freshwater from the saline feed
source necessitates the return of more concentrated feedwater to
the environment. The high salinity brine discharged by thermal
desalination plants will also have an elevated temperature.
Aquatic organisms have some ability to adjust to slight changes
in salinity and temperature, but significant and sustained changes
can devastate species populations at many different levels within
ecosystems.11 Furthermore, these salinity and temperature dif-
ferences create density differences between receiving water and
discharged brine. Density differences prevent the brine from
mixing with and being broadly dispersed—and thus, diluted—by
the surrounding water.11 The problems associated with brine
disposal are thus focused more strongly in the immediate vicinity
of the discharge.
In addition to salinity and temperature stresses, flora and fauna
at discharge sites face exposure to the diverse fleet of cleaning and
pretreatment chemicals that are used to maintain the perfor-
mance of the desalination plant. Though the concentrations of
these chemicals will be low, organismsmay bemore vulnerable to
harm by them because of synergistic effects with temperature and
salinity stress.11
Osmotic dilution of the brine could mitigate these environ-
mental impacts. As with dilution of seawater feed streams to
reverse osmosis plants, a feed solution of lower salinity can be
selected to provide diluting water to the brine through an FO
membrane (Figure 1B). Because this diluting water will not
contribute to the potable water supply, more flexibility exists in
feed solution selection. Energy savings for a partner process
could be realized if desalination plant brine was diluted through
FO by a feed solution that requires concentrating, such as
anaerobic digester centrate.2,12 To ensure that an environmental
benefit is still created by osmotic dilution of the brine, the FO
membrane used must be stable in the selected feed solution and
must be able to reject all feed solution constituents of environ-
mental concern. The source of the feed solution should also be
colocated with the desalination plant, as is true for osmotic
dilution of the feed stream to reverse osmosis plants.
Decreasing the salinity and temperature differences between
brine and receiving water will enhance natural dispersion of the
discharged brine plume, magnifying the initial dilution of salt,
temperature differences, and chemicals. Many environmental
threats can be mitigated by diluting these chemicals. Biocides,
including chlorine and its associated disinfection byproducts, are
used to pretreat water for thermal desalination and can harm
organisms in the ecosystem surrounding the discharge location.11
Thermal desalination plants leach heavy metals, especially cop-
per, and corrosion inhibitors.11 Reverse osmosis desalination
plants use coagulants to pretreat feedwater, and the water used to
back-flush this portion of the plant can have high turbidity. The
release of this water decreases light penetration,11 and harm to
the whole food chain can result. Several different types of chemicals
are also used to clean fouled reverse osmosis membranes.
Osmotic backwashing of the membranes used in reverse
osmosis desalination can reduce the use and discharge of these
membrane cleaning chemicals. Both biological and chemical
foulants accumulate on the membrane surface during normal
operation. This layer of foulants adds resistance to transport
across the membrane, causing water flux and plant efficiency to
decline. The harsh chemicals used to reverse this effect include
metal chelating agents (such as EDTA), detergents (such as
SDS), biocides, acids and bases, and scale inhibitors. Antiscalants,
which are also used in thermal desalination plants, can cause
eutrophication or may change the distribution of divalent metals
in the discharge environment.11 The discharge of extreme pH
solutions, detergents, and oxidants used to clean membranes can
disrupt aquatic ecosystems.
The concept of osmotic backwashing is relatively simple
(Figure 1C). To backwash the membrane, one must reverse
the dominance of the hydraulic pressure gradient, which favors
permeation of water from seawater into the desalinated water
side of the membrane, over the osmotic pressure gradient, which
favors water flux in the opposite direction. This can be accom-
plished in one of two ways. Either the applied hydraulic pressure
can be reduced, or the pressure can be maintained and a highly
concentrated brine pulse can be introduced into the seawater side
of the RO membrane.13
In addition to reducing chemical use and discharge, adoption
of osmotic backwashing to remove foulants may reduce energy
consumption. The harsh chemical cleaning protocols typically
used require reverse osmosis train shut-down and can decrease
membrane lifetime,14 and this type of treatment can be per-
formed only a few times each year. Between cleanings, foulants
continually accumulate on the membrane surface, increasing the
resistance to water permeation and requiring the applied hy-
draulic pressure to be increased in order to maintain a con-
stant water flux. Operating at a higher pressure increases the
energy consumption. Because osmotic backwashing involves
relatively little chemical stress on the membrane or disruption
to operation,14 it can be performed frequently. This may suppress
the buildup of the fouling layer, require smaller pressure increases
tomaintain constant flux, and ultimately reduce the consumption
of energy.
Experimental investigations and modeling have demonstrated
fast, effective removal of foulants with osmotic backwashing13,15,16
and these findings justify further exploration. Studies in-
volving more complex, realistic fouling conditions could
elucidate the mechanisms by which osmotic backwashing
removes foulants. This knowledge would aid researchers and
industry in identifying the most promising uses of osmotic
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backwashing in addition to those aspects that require fuller
development.
’MEMBRANES AT SEA: FUEL FROM WASTE
Biofuels are one of the most promising sources of sustainable
energy.17 However, the use of arable land and the clearing of
carbon-rich forests for the cultivation of biofuel crops, such as
corn or soy, could negatively affect the global food supply while
actually increasing greenhouse gas emissions.18 Algae, on the
other hand, do not require fertile soil and can be cultivated using
wastewater, which is nutrient rich but generally prohibited in
irrigation of food crops. In other words, producing biofuels from
algae reduces competition for valuable arable land19,20 and allows
us to utilize a 'waste' stream as a source for nutrients and water.21,22
Algae have a high photosynthetic efficiency that enables fast
growth and further enhances their attractiveness as biofuel
feedstocks.23
The Ames Research Center of the National Aeronautics and
Space Administration (NASA) has undertaken the challenge of
developing a system for feasible production of biofuels from
algae. The Center has proposed a process that leverages FO to
optimize growth and harvesting of microalgae while simulta-
neously treating wastewater. The system is known as OMEGA:
Offshore Membrane Enclosure for Growing Algae. It could
potentially circumvent several of the limitations of terrestrial
algae cultivation with an elegant, low energy, and low impact
engineering solution.19,20,22,23
OMEGAs consist of clear plastic enclosures with water-
permeable selective membranes incorporated into their surfaces
(Figure 2). The enclosures are filled with nutrient-rich municipal
wastewater and seeded with algae which grow and produce
lipids.24,25 The bags are deployed in high salinity aquatic environ-
ments, often oceans, where the water provides both infrastruc-
tural support through flotation and heat capacity for temperature
regulation,24 and wave action provides mixing. OMEGAs uti-
lize seawater as an unlimited and ever-present draw solution to
dewater the algae broth, an otherwise energy-intensive and
expensive process.24,25 The membranes integrated in the enclo-
sures allow the passage of sunlight and the exchange of CO2/O2
to support algae photosynthesis.24 The dense selective layer of
the membranes prevents or minimizes the escape of wastewater
contaminants.
A significant advantage of OMEGAs is in algae biomass
harvesting, a task that requires the culture broth to be dewatered.
Efficient dehydration of the algal harvests is currently one of the
main challenges of microalgae production, because of the low
algal concentrations in the growth media.26 In OMEGAs, FO
membranes retain algae and nutrients while facilitating removal
of water from the bags through the osmotic pressure driving force
provided by the higher salinity seawater.24 During a typical
1020 day algae incubation period, more than 75% of the water
is removed from the algae culture by osmosis using abundant
seawater as a draw solution.25 This partial dewatering greatly
reduces the cost of the overall dehydration process.27
When the algae inside an OMEGA are ready for harvesting,
the slurry is pumped out of the bags and sent to a processing
facility that completes the dewatering process. The bags are then
available for refilling with nutrient-rich wastewater to reinitiate
the growth cycle. Biofouling often plagues systems that use
membranes and wastewater or natural waters. However, several
aspects of the OMEGA system suggest that biofouling will be less
severe in this application. The relatively low water flux through
the FOmembrane will lead to low rates of fouling, and the lack of
hydraulic pressure will ensure that any fouling that does occur is
highly reversible.10
Despite the benefits of OMEGA systems, several challenges
have been pointed out that merit further investigation. Though
biofouling of the membrane’s active layer inside the OMEGA
may be minimal and reversible, fouling and scaling of the FO
membrane support layer, which is in constant contact with
seawater, may be more difficult to overcome. During the growth
cycle, algae biofilms inside theOMEGA enclosure could decrease
the rate of dewatering.28 In addition, membranes and other
enclosure components need to be able to withstand pounding
waves and cold temperatures.2830
NASA envisions the OMEGAs producing enough fuel to meet
U.S. aviation needs of 21 billion gallons a year, which would
require 10 million acres of ocean,29 an area equal in size to
Switzerland and twice as large as Massachusetts. This large area
would be established by locally distributing the OMEGAs, or by
creating a management structure in which fishermen franchised
and monitored the systems.29 A demonstration plant planned for
Santa Cruz, California will help determine if the OMEGA
process can be feasibly implemented.22,30
’OSMOTIC AUGMENTATION OF WATER RESOURCES
FOR AGRICULTURE
The growing world population is increasingly stressing not
only water and energy resources, but also food resources. With
the amount of arable land unlikely to increase,31 irrigation will be
Figure 2. Schematic of the Offshore Membrane Enclosure for
Growing Algae (OMEGA) system. Inset shows the permeation
through and rejection by the forward osmosis (FO) membrane in
contact with the seawater. The top of the enclosure, which is in
contact with the atmosphere, contains specialized membranes that
allow the passage of sunlight and the exchange of CO2/O2 to facilitate
algae photosynthesis.
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employed more extensively and effectively to meet the rising
demand for food.32 Food production already requires large
quantities of water. An estimated 70% of current global water
withdrawals are for agricultural purposes33 (Figure 3A). Success-
fully feeding future generations will require sustainable techno-
logical improvements for irrigation and water management,34,35
including innovative ways to increase the availability of water for
agriculture. Here, FO holds promise to expand the water supply
for irrigation by tapping an abundant, low value water source—
brackish groundwater.
Water salinities above a crop’s tolerance can stunt or prevent
growth and diminish forage quality.36,37 Salt tolerance imposes a
ceiling on the salinity of water that can be used and restricts
irrigation sources to freshwater for most crops. Due to these
restrictions and the limited availability of freshwater, brackish
water is increasingly being desalinated for irrigation.38 In some
regions where freshwater is scare, brackish water abounds. For
example, in the U.S. state of New Mexico, approximately 75% of
groundwater is too saline for most uses without pretreatment.39
Long-distance diversion of freshwater to such places is costly to
society. FO can overcome the desalination energy hurdle tomake
replacing freshwater with locally available brackish water for
irrigation more feasible, allowing both energy and freshwater to
be conserved or used elsewhere. This can be achieved by the
innovative use of concentrated fertilizer mixtures to extract water
from brackish sources.40
In this FO application, a concentrated fertilizer solution is
used as the draw solution while brackish water is employed as the
feed stream. Water permeates the membrane, diluting the
fertilizer solution. If needed, the solution can be mixed with
freshwater to achieve the desired concentration of fertilizer. The
fertilizer-bearing water is applied to crops through the irrigation
system in a process called fertigation41 (Figure 3B).
FObrackish water supplied fertigation could partially relieve
agricultural demand for freshwater without incurring a large energy
penalty, addressing both water and energy costs in food produc-
tion. But first, a few challenges must be overcome. Concentrated
brackish water must be used or disposed of properly, and
brackish water resources must be managed responsibly to avoid
subsidence and other problems associated with overdrawing from
Figure 3. (A) Estimated water use over the past century. Agriculture currently accounts for 70% of global water withdrawals. (B) Schematic
representation of forward osmosis (FO) application to increase the availability of water for irrigation through extraction of freshwater from brackish
sources. The fertilizer is used to generate the concentrated draw solution, and brackish groundwater is used as the feed solution. The diluted fertilizer
solution is subsequently applied to crops through a fertigation distribution network.
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aquifers. Of paramount importance is the selection of a suitable
fertilizer to generate the draw solution. On top of fulfilling the
principle objective of crop fertilization, the draw salt also needs to
be water-soluble, inexpensive, highly rejected by the FO mem-
brane, and able to generate sufficient osmotic driving force for
water permeation.42 A recent study estimated that 1 kg of fertilizer
can extract 2459 L of freshwater from a simulated brackish
water of very high salinity (300 mM sodium chloride).43 More
such studies are necessary to achieve a comprehensive evalua-
tion of suitable fertilizer draw solutions. Additionally, the
proper place of fertigation in a balanced portfolio of water
management and allocation strategies used to support sustain-
able agriculture must be studied.
’OUTLOOK
Unlike those currently at the focus of FO development, the
FO applications described in this article avoid draw solution
regeneration and thus can perform while using very little energy.
These low-energy applications have the potential to enhance the
energy efficiency of existing technologies, minimize pollution of
aquatic and marine environments, utilize wastewater as a re-
source, or alleviate water shortages in agriculture. Specific
limitations and research needs of each of the highlighted
applications that must be overcome were indicated in the article.
At the core of the highlighted FO applications, and manymore,
is the FO membrane. Major progress has been made in the past
few years in fabricatingmembranes for FO, butmore remains to be
done to improve the performance of thesemembranes. Enhancing
FOmembranewater flux is of paramount importance, because this
will reduce the required membrane surface area and thus the
capital cost of FO systems. There is also a need to develop FO
membranes with high solute rejection capabilities, not only to
minimize the passage of contaminants from the feed stream into
the draw solution, but also to minimize the reverse permeation of
draw solutes into the feed stream.44
Unique to these resource-efficient FO applications is the exposure
of themembranes to feed anddraw solution streamswith high fouling
potential. Hence, there is a pressing need to developmembranes with
low propensity for irreversible fouling in order to enable continuous
operation without the need for costly pretreatment of the feed and
draw solutions. Furthermore, membrane module configurations that
maximize mixing for the continuous removal of foulants from the
membrane surface need to be developed.
The FO applications described in this article, which are
currently conceptual or at the early stages of development, have
great potential to increase sustainability at the water-energy
nexus as mature technologies. Additional research and develop-
ment as well as process demonstration at the pilot-scale must be
completed to permit successful implementation and commercia-
lization. Adapting the advances of the past few decades in
membrane technology and materials science to FO can put these
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